The clay montmorillonite is known to catalyze the polymerization of RNA from activated ribonucleotides. Here we report that montmorillonite accelerates the spontaneous conversion of fatty acid micelles into vesicles. Clay particles often become encapsulated in these vesicles, thus providing a pathway for the prebiotic encapsulation of catalytically active surfaces within membrane vesicles. In addition, RNA adsorbed to clay can be encapsulated within vesicles. Once formed, such vesicles can grow by incorporating fatty acid supplied as micelles and can divide without dilution of their contents by extrusion through small pores. These processes mediate vesicle replication through cycles of growth and division. The formation, growth, and division of the earliest cells may have occurred in response to similar interactions with mineral particles and inputs of material and energy.
The bilayer membranes that surround all present-day cells and act as boundaries are thought to have originated in the spontaneous self-assembly of amphiphilic molecules into membrane vesicles (1) (2) (3) (4) (5) . Simple amphiphilic molecules have been found in meteorites (6) (7) and have been generated under a wide variety of conditions in the laboratory, ranging from simulated ultraviolet irradiation of interstellar ice particles (8) to hydrothermal processing under simulated early Earth conditions (9, 10) . Molecules such as simple fatty acids can form membranes when the pH is close to the pK a (K a is the acid dissociation equilibrium constant) of the fatty acid carboxylate group in the membrane (3, 11) . Hydrogen bonding between protonated and ionized carboxylates may confer some of the properties of more complex lipids with two acyl chains, thus allowing the formation of a stable bilayer phase (11, 12) . Fatty acid vesicles may be further stabilized (to a wider range of pH and even to the presence of divalent cations) by the admixture of other simple amphiphiles such as fatty alcohols and fatty acid glycerol esters. Recent studies have shown that saturated fatty acid/ fatty alcohol mixtures with carbon chain lengths as short as 9 can form vesicles capable of retaining ionic fluorescent dyes, DNA, and proteins (4) .
Vesicles consisting of simple amphiphilic molecules could have existed under plausible prebiotic conditions on the early Earth, where they may have produced distinct chemical microenvironments that could retain and protect primitive oligonucleotides while potentially allowing small molecules such as activated mononucleotides to diffuse in and out of the vesicle. Furthermore, compartmentalization of replicating nucleic acids (or some other form of localization) is required to enable Darwinian evolution by preventing the random mixing of genetic polymers, thus coupling genotype and phenotype (13) . If primordial nucleic acids assembled on mineral surfaces (14) (15) (16) (17) , the question arises as to how they eventually came to reside within membrane vesicles. Although dissociation from the mineral surface followed by encapsulation within newly forming vesicles ( perhaps in a different location under different environmental conditions) is certainly a possibility, a direct route would be more satisfying and perhaps more efficient. The unexpected interaction between mineral surfaces and membrane-forming amphiphiles described here could provide such a pathway.
In the course of exploring the autocatalytic assembly of myristoleate (C14) vesicles from myristoleate micelles (18), we examined the effect of other negatively charged surfaces on vesicle assembly. We found that the addition of small quantities of montmorillonite to the reaction mixture resulted in an increase in the initial rate of the vesicle assembly reaction by a factor of 100 (19) (Fig.  1A) . The magnitude of the rate acceleration increased linearly with increasing concentrations of added montmorillonite, as expected from a rate-limiting process occurring on the mineral surface (Fig. 1, B and E). The effect is clearly catalytic, because the membrane surface area generated can be greater by a factor of 50 than the maximum possible surface area of the clay calculated as separated sheets. (The actual membrane/clay surface ratio is probably much greater, because clay particles consist of stacked sheets.) Furthermore, the clay particles affect the rate of vesicle formation, but the critical aggregate concentration was unchanged, showing that the micelle-vesicle equilibrium was not affected ( fig. S1 ). Montmorillonite also increased the rate of vesicle formation for longer-chain unsaturated fatty acids such as palmitoleic (C16) and oleic (C18) acids (Fig.  1C) . Because saturated fatty acids are much more likely prebiotic molecules than are unsaturated fatty acids, we examined the micelle-to-vesicle transition of the C14 saturated fatty acid myristic acid and observed a similar rate acceleration in the presence of montmorillonite ( fig. S2 ).
Because both vesicles and montmorillonite clay have negatively charged surfaces (with an associated layer of loosely bound positive counterions), we examined the ability of other surfaces of varying charge densities to accelerate vesicle assembly. Other silicate, aluminosilicate, and borosilicate surfaces strongly accelerate vesicle assembly. A variety of negatively charged, neutral, and positively charged cross-linked agarose or dextran beads had little or no effect. Hydroxyapatite particles became coated with fatty acid but did not accelerate vesicle formation. Synthetic negatively charged alumino-silicate ceramic microspheres [gray Zeeospheres (3M)] were efficient catalysts of vesicle assembly, although less effective than montmorillonite on a weight basis, probably because of their lower surface/mass ratio. Synthetic ceramic microspheres with a lower surface charge density (white Zeeospheres) were less effective ( Fig. 1D) , further supporting the idea that surface charge density is a critical factor in the acceleration of vesicle assembly.
In clay-mediated reactions, vesicles were visible within 1 min and ranged from Ͻ0.5 m to Ͼ30 m in diameter. The ceramic microspheres were easily distinguished, even in close association with vesicles. The gray Zeeospheres were encapsulated within vesicles (Fig. 2 , A to D), whereas less effective white Zeeospheres were rarely encapsulated. Montmorillonite particles were more heterogeneous and difficult to visualize, but many appeared coated with small vesicles and also were trapped within product vesicles ( Fig. 2 , E to H). Both gray Zeeospheres and clay particles were observed inside composite vesicles consisting of numerous small vesicles inside one or more large vesicles (Fig. 2 , B, D, and H). These composite vesicles strongly suggest that many vesicles can form in proximity to a single mineral particle and can become trapped within a large encompassing vesicle.
We hypothesize that a layer of positively charged cations associated with or adjacent to the mineral surface attracts negatively charged micelles or free fatty acid molecules, facilitating their aggregation into a bilayer membrane. This process may be similar to the adsorption and aggregation of charged colloidal particles on a surface of opposite charge (20, 21) . Membranes formed in this way could in turn expand by absorbing additional fatty acid, coming to encapsulate the mineral particle along with any additional vesicles subsequently formed at the mineral surface. We suggest that a similar surface-mediated membrane organization may explain at least part of the strong autocatalytic effect of preformed vesicles on the conversion of fatty acid micelles into vesicles.
Enhanced prebiotic encapsulation of mineral particles within membrane vesicles would bring the catalytic potential of the mineral surfaces into the membrane vesicle. For example, oligonucleotides might be synthesized inside vesicles on the surface of encapsulated clay particles. Alternatively, oligonucleotides synthesized on the surface of free clay particles could subsequently become encapsulated within membrane vesicles. To examine this possibility, we prepared montmorillonite clay loaded with a fluorescently labeled RNA oligonucleotide (Cy3-A 15 ) (19) . Excess unbound or weakly bound RNA was removed by washing with buffer, after which the clay sample was used in a vesicle assembly reaction. Some of the resulting vesicles contained RNA-loaded clay particles in their interiors (Fig. 2I) . To address whether RNA molecules that did dissociate from the clay surface would remain inside the vesicle, we separately prepared vesicles containing encapsulated free Cy3-RNA and removed unencapsulated RNA by size-exclusion chromatography. No leakage of the RNA from the vesicles was observed over a 24-hour period (Fig. 2J) . By catalyzing the assembly of both bilayer membrane vesicles and nucleic acid polymers, and by promoting the union of these two fundamental building blocks of cellular life, mineral particles may have greatly facilitated the emergence of the first cells. Although primordial nucleic acid genomes could in principle replicate through ribozyme-like catalytic activities (13, 22) , the first cell membranes must have been able to replicate spontaneously because of the absence of any biomolecular machinery to direct growth and division. Here we describe processes that result in the spontaneous growth and division of fatty acid vesicles. Our vesicle growth experiments are based on earlier work in which a large excess of oleate (C18) micelles at high pH were added to preformed oleate or phospholipid vesicles buffered at lower pH; the preformed vesicles increased in size as a result of the incorporation of the oleate into the bilayer membrane of the vesicles (23, 24) . However, a large number of new vesicles were also observed, suggesting that much of the added oleate had formed new vesicles.
We reasoned that vesicle growth could be enhanced and the formation of new vesicles reduced by eliminating the transiently high micelle concentration present immediately after micelle addition to vesicles. We therefore added dilute fatty acid micelles to preformed vesicles slowly, over a 4-hour period. We chose to work with myristoleate vesicles because these vesicles are more permeable to small polar molecules than are oleate (or phospholipid) vesicles, allowing faster osmotic equilibration with the external buffer after membrane growth. To follow vesicle growth quantitatively, we monitored the size of the vesicles over the course of the reaction, using 90°dynamic light scattering (DLS) (19) . Examination of an initial population of myristoleate vesicles, prepared by extrusion through 100-nm pore filters (25) , revealed an average diameter of approximately 87 Ϯ 3 nm. Slow addition of one equivalent of myristoleate micelles over a period of 4 hours resulted in a steady increase in average vesicle size, up to a final mean diameter of 123 Ϯ 8 nm, consistent with quantitative incorporation of the new myristoleate into the preformed vesicles and leading to a doubling of surface area (123 2 /87 2 ϳ 2) (Fig. 3A) . Because DLS analysis cannot distinguish between the growth of preformed vesicles and the formation of new, larger vesicles, we examined the same vesicle populations, using a method that physically separates particles on the basis of size [flow-field fractionation (FFF)], coupled with a different light-scattering approach to size measurement, multiangle laser light scattering (MALLS) (19, 26) . This analysis revealed that the entire population of vesicles had shifted to a larger size by the end of the growth experiment, with little overlap between initial and final size distributions, showing that almost all vesicles experienced at least some growth (Fig. 3B) .
To directly measure the fraction of added fatty acid that became incorporated into the preexisting vesicles, we used a fluorescence resonance energy transfer (FRET) assay based on membrane-localized fluorescent dyes (19, 27, 28) . As the vesicles with both donor and acceptor dyes grow by incorporating new fatty acid, the average distance between donor and acceptor molecules increases, resulting in a decrease in FRET efficiency [monitored by measuring the donor/acceptor fluorescence ratio (F don /F acc ), normalized to the F don /F acc after detergent lysis]. The dyes we used exchange extremely slowly between phospholipid vesicles (27) . The negligible rate of dye exchange between myristoleate vesicles can be seen both visually ( fig. S3 ) and by the absence of any significant change in FRET efficiency after the addition of unlabeled vesicles to doubly labeled vesicles (Fig. 4B , initial versus control vesicles). Therefore, dye dilution in our experiments can only occur through growth of the preformed membrane. A standard curve of the normalized F don /F acc versus the fatty acid/dye ratio was generated (Fig. 4A ) and used to calibrate experimental measurements of FRET efficiency during vesicle growth experiments. Results from replicate 4-hour growth experiments (Fig. 4B) show that ϳ90% of the fatty acid in added micelles became incorporated into the preformed vesicles, consistent with our observations of vesicle growth and confirming that new vesicle formation is a minor pathway under these conditions. In summary, we have shown by several independent methods that myristoleate vesicles can grow efficiently by incorporating additional fatty acid from slowly added micelles.
To induce vesicle division, we have adapted the process of extrusion through small-pore polycarbonate membrane filters (19, 29, 30) . The mechanism by which extrusion leads to vesicle size decrease is not well understood (31) (32) (33) , but the existing data are consistent with a model in which a vesicle enters the pore under pressure, transforms to a roughly sphero-cylindrical shape, and fragments into smaller vesicles with a diameter somewhat smaller than the pore diameter (32, 33) . Fragmentation could occur either by disruption of the initial vesicles into smaller membrane fragments, which subsequently reseal into vesicles, or alternatively, by the pinchingoff of smaller vesicles in a process analogous to vesicle budding in cellular endo-or exocytosis. The first model would lead to considerable dilution of the vesicle contents, as the vesicle contents exchange with the external medium, whereas the second model would not. To distinguish between these models, we prepared 100-nm myristoleate vesicles encapsulating 20 mM calcein dye, grew the vesicles to 140 nm through slow micelle addition (thus doubling the surface area and increasing the volume by 2͌2) (19) . We then extruded the vesicles through 100-nm pores to a final mean size of 88 nm. Separation of vesicles from unencapsulated calcein by size-exclusion chromatography revealed that ϳ55% of the dye had been lost from the vesicles during extrusion (Fig. 5, A and B) . This is only moderately more dye loss than expected from the volume reduction (38%) resulting from the transformation of 140-nm spherical vesicles into 88-nm vesicles with conservation of surface area. These results indicate that myristoleate vesicles can be forced to divide by the process of extrusion, with only a slightly greater loss of internal contents than that demanded by the geometric constraints of deriving two daughter spheres from one larger parent.
Having shown that both vesicle growth and vesicle division could occur, we carried out repeated cycles of growth and division (19) . A population of extruded vesicles was grown by slow feeding with one molar equivalent of myristoleate micelles, and then divided by extrusion. A constant concentration of 40 mM myristoleate was maintained during each step, and the same volume was used at the beginning of each growth cycle. An increase in the intensity of 90°light scattering after each growth phase showed that the average size of the myristoleate aggregates increased, as expected (Fig. 6A) . A more detailed quantitative analysis of the average vesicle size by DLS over five cycles of growth and division shows the expected size increase after each 4-hour growth period (Fig.  6B) ; averaged over all five cycles, the initial diameter was 88 Ϯ 8 nm, and the diameter after growth was 130 Ϯ 8 nm. The vesicle diameter increased by 1.47 Ϯ 0.17, close to the expected size increase that would result from 100% incorporation of the added myristoleate (factor of 1.41). Control vesicles stirred under argon but with no micelles added showed insignificant growth by DLS. The amount of encapsulated calcein remaining inside the vesicles was determined by sizeexclusion chromatography after each growth period and each division. As expected, essentially no dye was lost during any of the five growth phases (average fraction of dye retained was 1.16 Ϯ 0.19). In contrast, ϳ40% of the dye was lost after each division (average fraction of dye retained 0.57 Ϯ 0.10). This amount of contents loss is only slightly more than that expected from the decrease in average vesicle size during division (Fig.  6C) . Furthermore, we observed a consistent trend toward decreased self-quenching of the encapsulated calcein as it became progressively more dilute during each growth phase, consistent with the expected increase in vesicle volume after the increase in surface area resulting from membrane growth ( fig. S4) .
These experiments constitute a proof-ofprinciple demonstration that vesicle growth and division can result from simple physico-chemical forces, without any complex biochemical machinery. In this system, growth is driven by the energy associated with a pH-dependent phase change in the lipid from micelles to bilayer membrane. Division, in contrast, is driven by work used to pass vesicle suspensions under pressure through small-pore filters. Although vesicle growth by processes similar to that demonstrated here might occur in a natural prebiotic setting, our use of membrane extrusion to mediate division is artificial, and the possibility of a natural analog of this process seems remote.
(Flow through porous rock should be evaluated, however.) An intrinsic membrane curvature resulting from membrane asymmetry might favor spontaneous division by stabilizing the requisite budded-vesicle shape (34, 35) . We have detected dozens of previously unknown, moderate earthquakes beneath large glaciers. The seismic radiation from these earthquakes is depleted at high frequencies, explaining their nondetection by traditional methods. Inverse modeling of the longperiod seismic waveforms from the best-recorded earthquake, in southern Alaska, shows that the seismic source is well represented by stick-slip, downhill sliding of a glacial ice mass. The duration of sliding in the Alaska earthquake is 30 to 60 seconds, about 15 to 30 times longer than for a regular tectonic earthquake of similar magnitude.
Most earthquakes follow a simple scaling relationship such that the duration of fault movement is proportional to 10
, where M is the earthquake moment magnitude. The typical duration of an M ϭ 5 earthquake is 2 s, and an M ϭ 7 earthquake, 20 s. The short duration of seismic energy release leads to efficient radiation of high-frequency (f ϳ 1 Hz) seismic waves, and first-arriving, high-frequency P waves are traditionally used to detect and locate seismic events. Earthquakes with durations much longer than normal radiate less energy at the frequencies used for earthquake monitoring and may go undetected.
Earthquakes with durations of thousands of seconds cannot be detected by seismometers because they do not generate elastic waves. Such earthquakes have, however, been detected geodetically (1) (2) (3) (4) (5) . Very-long-period (1 to 10 mHz) seismic data have been used in attempts to detect and locate moderate and large (M Ն 5.0) earthquakes with durations of tens to hundreds of seconds, with ambiguous results (6) (7) (8) .
Here, we use a recently developed method (9) to detect and locate sources of long-period seismic surface waves on a global scale. The detection and location algorithm has its basis in standard array-processing techniques. Verticalcomponent seismograms from about 100 seismometers around the world are filtered between 35-and 150-s period and phase adjusted to correct for Rayleigh wave propagation delays from a given test location to each station. Any Rayleigh wave signal emanating from the test location will then be in phase across the stations of the global array, and the signals can be analyzed for the simultaneous presence of coherent energy ( fig. S1 ). Continuous seismic data are analyzed for detections on a dense grid of test locations covering the surface of the Earth (10) .
Application of the algorithm to 3 years of data, 1999 to 2001, has led to the detection and location of 7292 events. The smallest earthquake detected has an estimated magnitude (11) of M ϭ 4.6. All but 521 of the events are correlated spatially and temporally with earthquakes already reported in various global bulletins of seismicity. Of the 521 previously unknown events, about 450 occur along plate boundaries or in other tectonically active zones. Many are located along the ridge-transform system in the Southern table S1 ). The black hexagon at the tip of each arrow indicates the centroid location obtained in the inversion.
